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Abstract—Starting from the observation that the CbzZNH(CH>), side chain of the potent MMP-2/MMP-14 inhibitor, benzyl-(3R)-4-
(hydroxyamino)-3-[isopropoxy(1,1’-biphenyl-4yl-sulfonyl)amino]-4-oxobutylcarbamate, (R)-1 lies in a hydrophobic region (SI)
exposed to the solvent of the protease active site, we hypothesized that an aminoethylcarboxamido chain structurally related to that
of (R)-1 might be an useful tool to bind another linker stretching out from the protein. This would be able to interact either with a
enzyme region adjacent to the active site, or with other molecules of matrix metalloproteinases (MMPs), or other proteins of the
extracellular matrix (ECM) that may be involved in the enzyme activation. On these basis we describe new dimeric compounds
of type 2, twin hydroxamic acids, obtained by the joint of two drug entities of (R)-1 linked in P1 by extendable semirigid linkers.
Type 2 compounds are potentially able to undergo more complex inhibitor—enzyme interactions than those occurring with mono-
meric compounds of type 1, thus influencing positively the potency, selectivity and/or cytotoxicity of the new compounds.

© 2005 Elsevier Ltd. All rights reserved.

During tumour progression, an overexpression of ma-
trix metalloproteinases (MMPs) is often responsible
for the deregulation of extracellular matrix (ECM) func-
tions."?> Normally, the homeostasis of MMPs is main-
tained by tissue inhibitors (TIMPs), but in cancer
progression, control over MMPs activity is lost.> Other
proteases, such as uPA, MMPs and furin-like serine pro-
teases, are responsible for the activation of specific
MMPs, such as MMP-2 (gelatinase A), MMP-9 (gelatin-
ase B) and MMP-14 (a membrane-associated MMP,
which is the principal activator of pro-MMP-2). These
three specific MMPs play a significant role in some neo-
plastic processes, and are directly involved in metastatic
tumour dispersion and angiogenesis.*® More recently,
MMP-2 has been shown to play other important roles
in tumours, for example, increasing the resistance to
apoptosis, activating EGF receptors and promoting cel-
lular proliferation.”~'> All these data, taken together,
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indicate that MMP-2, MMP-9 and MMP-14 may repre-
sent important targets to develop new potential antican-
cer drugs.’>?! As a matter of fact, the recent
development of some synthetic MMPi (matrix metallo-
proteinase inhibitors) possessing a good potency and
selectivity towards the two gelatinases A and B, together
with the discovery that some of these inhibitors that are
active on MMP-2 exhibit important pro-apoptotic ef-
fects on tumour cell cultures, has confirmed the possibil-
ity of their potential use as anti-tumour agents.??>2°
Nowadays, new compounds possessing inhibitory activ-
ity and selectivity on the MMPs, which are over-ex-
pressed in some kinds of tumours, are viewed as useful
tools in particular with a view to the control of the
viability and invasiveness of cancer cells.?!>

In previous studies on new MMPi, we developed a class
of arylsulfonamido-based hydroxamic acid inhibitors of
type A, substituted on their sulfonamido nitrogen with
an oxyalkyl side chain, instead of the hydrogen atom
of type B compounds, or an alkyl side chain of type C
compounds. This simple structural modification allowed
us to obtain new potent and selective inhibitors of
MMP-2 and MMP-9, which are able to block in vitro
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tumour cell invasion.’® Among the two type A
inhibitors, the ones with the (R) configuration, which
bear on the carbon alpha to the hydroxamic group an
alkyl group (R) of increasing hindrance, showed better
biopharmacological properties with respect to the
unsubstituted analogues. In particular, the compound
of type A in which R = (CH,),NHCbz R; = i-Pr and
R, =Ph ((R)-1) showed a very good MMP inhibitory
profile, with a high potency towards MMP-2
(ICso = 0.41 nM), MMP-9 (ICso =16 nM) and MMP-
14 (ICso = 7.7 nM), and was able to block angiogenesis
in the chemioinvasion model on HUVEC cells com-
pletely, at a submicromolar concentration.?! A docking
study carried out on the complex of (R)-1 with MMP-2
showed that its CbzZNH(CH;), side chain lies in a hydro-
phobic region of the active site exposed to the solvent
(S1) (see green arrow in Fig. 1), without hindering the
fit of the inhibitor with the enzyme.??

This observation prompted us to hypothesize that an
aminoethylcarboxamido chain structurally related to
that of (R)-1 might be a useful tool to bind another lin-
ker stretching out from the protein, able to interact
either with an enzyme region adjacent to the active site,
or with other MMPs molecules or other proteins of the
ECM, which may be involved in the enzyme activation.
We believe that the possibility, for the dimeric com-
pounds of type 2, to give an inhibitor-enzyme interac-
tion more complex than that allowed for monomeric
compounds of type 1, may influence positively the po-
tency and/or selectivity of the new compounds, com-
pared with those of 1. As a result, we designed the
new twin inhibitors (R,R)-2a,b, formally obtained by
linking two of the fundamental frames (R)-3*' of (R)-1
by a spacer like an isophthaloyl group [(R,R)-2a] or an
N,N’-bis(4-aminobutanoyl)-isophthalamide moiety [(R,R)-
2b], in order to study the effects of this type of structural
manipulation on the MMP-2/MMP-9/MMP-14 inhibi-
tory activity of compounds of type 1. As a core, in the
linker in this study, we used the isophthaloyl group,
either simple or symmetrically linked to two y-aminobu-
tyric portions, in view of its ability to confer a partial

Figure 1. Docking of MMP-2 with monomeric inhibitor (R)-1.

rigidity to the linker chain and potentially to interact
with appropriate parts of the enzyme (Fig. 2).3

There are numerous examples, in the field of drug re-
search, of twin drugs containing two pharmacophoric
groups linked in a single molecule, some of the hydrox-
amic acid type, but none in the field of MMPi.333¢

The synthesis of the two twin inhibitors (R,R)-2a and
(R,R)-2b is outlined in Scheme 1. As a start, the Cbz
derivative (R)-4 was hydrogenated with H, and Pd/
10% on charcoal in a 1:1 MeOH/AcOH mixture to yield
the deprotected salt (R)-5.3! Acylation of (R)-3 with the
appropriate acyl dichloride (6a) or (6b), in anhydrous
DMF in the presence of N-methylmorpholine (NMM),
gave the dimeric tert-butyl esters (R,R)-7a and (R,R)-
7b, respectively. Acidic cleavage of 7a and 7b to acids
(R,R)-8a and (R,R)-8b, followed by their reaction with
O-(tert-butyldimethylsilyl)hydroxylamine (TBDMSO-
NH,) in the presence of EDCI, gave the O-silylate bis-
hydroxamate (R,R)-9a and (R,R)-9b. Acid cleavage of
(R,R)-9a,b yielded the corresponding bishydroxamic
acids (R,R)-2a and (R,R)-2b. The acid dichloride 6b,
used for the synthesis of (R,R)-7b, was prepared by acyl-
ation of 4-aminobutyric acid 10 with isophthaloyl
dichloride 6a, to yield the symmetrical diacid 11b, which
was then converted to 6b with oxalyldichloride in a pyr-
idine/toluene mixture.

The bishydroxamates (R,R)-2a and (R,R)-2b, the di-
meric acid (R,R)-8a, a precursor of (R,R)-2a, and the
monomeric reference inhibitors (R)-1, whose molecular
skeleton is duplicated in the twin inhibitor (R,R)-2a,b,
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Scheme 1. Reagents and conditions: (i): Hp, Pd/C 10%, MeOH, AcOH; (ii) 6a or 6b, NMM, anhyd DMF; (iii) TFA, anhyd DCM; (iv)
TBDMSONH,, EDCI, anhyd DCM; (v) TFA, anhyd DCM; (vi) H,N(CH,);CO,H, (10) NaOH, Et,0, H,O0; (vii) C,0,Cl,, Py, toluene.

were tested on some MMPs (1, 2, 9 and 14) to evaluate
their inhibitory properties.3’

The results, expressed in terms of their ICsy and selecti-
vity for MMP-2, are reported in Table 1.

For MMP-2, the two dimers (R,R)-2a and (R,R)-2b
show an ICsq in the nM range, which is 480- and 24-fold
more than that of the monomeric inhibitor (R)-1,
respectively. In the case of MMP-1, only (R, R)-2b shows
an appreciable activity, with a submicromolar ICs, va-
lue, which is 40-fold higher than that displayed towards
MMP-2, whilst (R,R)-2a and (R)-1 are practically
inactive.

The two dimers (R,R)-2a and (R,R)-2b show an ICs, va-
Iue in the submicromolar range against MMP-9, but in
this case dimer (R,R)-2b is twice as potent as (R)-1, while
(R,R)-2a proves to be less potent. Both (R,R)-2a and
(R,R)-2b show an MMP-9/MMP-2 selectivity lower
than (R)-1. As regards MMP-14, the twin inhibitor
(R,R)-2b shows a high inhibitory potency, albeit with
an ICsy value four times higher than that of the refer-
ence compound (R)-1; on the contrary, compound
(R,R)-2a shows an ICs, value in the micromolar range.

Both (R,R)-2a and (R,R)-2b are less selective than (R)-
1 on the MMP-2 enzyme.

As expected for a compound lacking the hydroxamic
acid moiety, the carboxylic analogue of (R,R)-2a
((R,R)-8a) proved to be practically inactive towards
the two MMPs screened, MMP-2 and MMP-9.

The more active of the two twin inhibitors ((R,R)-2b)
was evaluated for cytotoxicity by means of the Trypan
Blue assay on HT1080 cells, in comparison with the
monomeric analogue (R)-1 (see Table 2).37

As can be seen, (R,R)-2b is well tolerated by the cells at a
dose lower than 1 pM; cytotoxic effects for (R,R)-2b
become significant at a dose of 10 uM, where this com-
pound shows 10% dead cells. At this same dose, the
monomeric analogue (R)-1 is about four times more
toxic, with 35% dead cells.

These preliminary results indicate that, even if the
dimerization of MMP inhibitors of type A, like (R)-1,
appears to be unable to enhance the selectivity of the
new compounds towards the MMP screened, neverthe-
less, at least in the case of (R,R)-2b, it appears to

Table 1. MMPi profile of (R,R)-2a,b, -8a dimers and monomeric inhibitor (R)-1

Compound ICso nM (£SD)?

MMP-1 MMP-2 MMP-9 MMP-14
(R,R)-2a 10,000 + 1333 (50)° 197 + 42 983 + 40 (4.9)° 1490 * 130 (7.6)°
(R,R)-2b 397 + 79 (40)° 98+2 8.3+ 1.4 (0.8)° 34+ 14 (3.5°
(R,R)-8a n.t. >1000 >30,000 n.t.
(R)-1 >3000 (>7300)° 0.41 £0.01 16 =2 (39)° 7.7+2(18.7)°

A MMPi assay.>

b Selectivity for MMP-2 over each of the other MMPs is expressed as the ratio of the ICsy value for MMPn over the value for MMP-2.
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Table 2. Cytotoxicity® with twin inhibitor (R,R)-2b and monomeric
inhibitor (R)-1

Compound % Dead cells®

1 uM 5uM 10 yM
(R,R)-2b 0 5 10
(R)-1 4 20 35

#Trypan Blue test on HT1080 cells.
®Dead cells over total cells, living and dead, percentage at dose
screened.®’

improve the activity on MMP-1 and MMP-9. Moreover,
dimerization of (R)-1 to (R,R)-2b seems to reduce the
cellular cytotoxicity of this new class of twin inhibitors
appreciably.
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